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Abstract 
Studies in mice using resting-state functional magnetic resonance imaging (rs-fMRI) have provided opportunities to 
investigate the effects of pharmacological manipulations on brain function and map the phenotypes of mouse models of 
human brain disorders. Mouse rs-fMRI is typically performed under anaesthesia, which induces both regional suppression 
of brain activity and disruption of large-scale neural networks. Previous comparative studies using rodents investigating 
various drug effects on long-distance functional connectivity (FC) have reported agent-specific FC patterns, however, 
effects of regional suppression are sparsely explored. Here we examined changes in regional connectivity under six 
different anaesthesia conditions using mouse rs-fMRI with the goal of refining the framework of understanding the brain 
activation under anaesthesia at a local level. Regional homogeneity (ReHo) was used to map local synchronization in the 
brain, followed by analysis of several brain areas based on ReHo maps. The results revealed high local coherence in 
most brain areas. The primary somatosensory cortex and caudate-putamen showed agent-specific properties. Lower 
local coherence in the cingulate cortex was observed under medetomidine, particularly when compared to the 
combination of medetomidine and isoflurane. The thalamus was associated with retained local coherence across 
anaesthetic levels and multiple nuclei. These results show that anaesthesia induced by the investigated anaesthetics 
through different molecular targets promote agent-specific regional connectivity. In addition, ReHo is a data-driven 
method with minimum user interaction, easy to use and fast to compute. Given that examination of the brain at a local 
level is widely applied in human rs-fMRI studies, our results show its sensitivity to extract information on varied neuronal 
activity under six different regimens relevant to mouse functional imaging. These results, therefore, will inform future rs-
fMRI studies on mice and the type of anaesthetic agent used, and will help to bridge observations between this 
burgeoning research field and ongoing human research across analytical scales.  
Key words: Resting state fMRI, Mouse, Anaesthesia, Regional homogeneity 
Introduction 
Resting-state functional magnetic resonance imaging (rs-fMRI) is a popular translational fMRI approach to characterize 
whole brain activity in different species (Biswal, 2012, Pan et al., 2015). Rodent fMRI has been providing an increasing 
contribution to neuroscience research given the use of murine models in pharmacological studies (Shah et al., 2015, 
Shah et al., 2016) and the wide availability of transgenic mouse models (Shah et al., 2013, Grandjean et al., 2014b, Zhan 
et al., 2014, Haberl et al., 2015, Grandjean et al., 2016). These studies further help to translate preclinical findings to 
research on humans, and may help to link molecular events that are known to occur in these models to specific fMRI 
signatures found in both the models and human diseases. A major feature of rodent functional imaging has been the use 
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of anaesthesia, which eases the restrain on the subjects, and controls stress levels, while awake mouse fMRI was 
reported impracticable (Jonckers et al., 2014). Previous studies repeatedly observed several resting-state functional 
networks (RSNs) in mice under different anaesthetic regimen (Jonckers et al., 2011, Guilfoyle et al., 2013, Grandjean et 
al., 2014a, Mechling et al., 2014, Nasrallah et al., 2014c, Sforazzini et al., 2014, Liska et al., 2015). Comparative studies 
on rodents reported agent-specific characteristics in functional connectivity (FC) patterns (Williams et al., 2010, 
Grandjean et al., 2014a, Jonckers et al., 2014). Although there are many points of agreements between these studies, 
many aspects of the anesthetic effect remain to be uncovered.  
Anaesthesia is widely used in the practice of medicine and scientific research. In general, the mechanisms of actions of 
general anaesthetics are not yet well understood and remain an important question in medicine and neuroscience (Brown 
et al., 2010). Numerous findings from clinical and research applications suggest that anaesthetics do not affect the brain 
uniformly and do not all act in the same way. Anaesthetics cause  both regionally specific suppression of brain activity 
and impaired interactions between distributed functional networks (Heinke and Koelsch, 2005). Many studies have 
examined changes of large-scale functional networks under anaesthesia, supporting the hypothesis that the anaesthetic-
induced unconsciousness is a failure of information integration. The more distributed and complex a neural system is, the 
more vulnerable it may be to accumulated local disruptions. Although the causal relationship between regional 
suppression and large-scale FC changes remain unclear, alterations of local connectivity within a brain region has been 
proposed to be equally important for understanding unimodal and multimodal information integration (Hudetz, 2012). 
These notions suggest that changed functions of the brain as a whole under anaesthesia may at least partially originate 
from local disturbances of neuronal activity induced by drugs.  
Studies investigating anaesthetic effects in human and rodents (Peltier et al., 2005, Lu et al., 2012, MacDonald et al., 
2015, Song and Yu, 2015) have mainly adopted independent component analysis (ICA) and/or seed-based analysis (SBA) 
focusing on synchronous neural activity across the whole brain and/or brain regions that are anatomically distant from 
each other. However, the effects of anaesthetic agents on local neural activity driven by smaller units of neuronal 
organization are rarely investigated by rs-fMRI. Regional homogeneity (ReHo) measures the temporal similarity between 
a given voxel and its closest neighbours (Zang et al., 2004). Whereas ICA and seed-based FC analysis provide 
information on inter-regional synchronization of spontaneous fMRI signals, ReHo provides information on intra-regional 
synchronization. It has been used in many studies investigating neurological disorders in humans (Cao et al., 2006, Liu et 
al., 2006, He et al., 2007, Yuan et al., 2008, Wu et al., 2009, Paakki et al., 2010). In the context of anaesthesia, mapping 
the regional characteristics of brain activation under different anaesthesia conditions becomes relevant when investigating 
regional disturbances in neural activity. Furthermore, ReHo analysis presents an additional advantage over the major rs-
fMRI analysis schemes, in that it requires minimal user interaction, and is therefore robust to individual bias. This is in 
contrast to ICA or SBA, where the user interaction is expected to provide either the number of components in the ICA 
decomposition, or a selection of seeds. Either approach may lead to differences between studies that make it difficult to 
draw direct comparisons. ReHo is also efficient in computation and very robust against noise (Jiang and Zuo, 2015). 
Based on voxelwise ReHo maps and motivated by the desire to gain more comprehensive information on the 
characteristics of regional neural activity, this study further investigated how the distribution of local connectivity among 
small clusters spreads within brain areas, with a specific focus on the cingulate cortex, primary somatosensory cortex 
(barrel field), insular cortex, caudate putamen, hippocampus and thalamus. 
Anaesthetics and/or sedatives are commonly used in preclinical rodent experiments including alpha-chloralose, 
isoflurane or halothane, medetomidine, propofol and urethane. Alpha-chloralose is not suitable for longitudinal studies 
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due to its depressive effects on respiration and toxicity (Haensel et al., 2015, Pan et al., 2015, Petrinovic et al., 2016). 
One recent study reported that this agent led to unstable physiological maintenance of mice for fMRI studies when 
compared to isoflurane (Low et al., 2016a). It is hence an agent unsuitable for longitudinal mouse rs-fMRI experiments. 
Halothane and isoflurane are inhalation anaesthetics commonly used in studies involving animals, among which 
isoflurane is the mostly used anaesthetic in laboratory animals (Tremoleda et al., 2012, Haensel et al., 2015). However, it 
is a well-known vasodilatory agent that increases the baseline cerebral blood flow in a dose-dependent way, and hence 
may influence neurovascular interactions that could be detected by fMRI technique. Although increasingly used in rodent 
studies, medetomidine induces negative effects on cardiovascular functions and causes dose-dependent vasoconstriction 
(Sinclair, 2003, Jonckers et al., 2015). In addition, animals under medetomidine anaesthesia were reported to show 
epileptic activities (Fukuda et al., 2013, Grandjean et al., 2014a). Fukuda et al. (2013) proposed a combination of low-
dose isoflurane and dexmedetomidine to suppress potential epileptic activity without sacrificing the desired effects of 
medetomidine. In addition, the vasodilatory effect of isoflurane and the vasoconstrictive effect of medetomidine appeared 
to compromise each other (Fukuda et al., 2013), showing promising effects of the combination regimen for rodent fMRI 
experiments. This study compared changes in regional connectivity in mice using rs-fMRI under six anaesthesia regimens 
relevant to rodent functional imaging studies: isoflurane, two different doses of medetomidine, propofol, urethane, and a 
combination of medetomidine and isoflurane. After ReHo calculation, several regions of interest (ROIs) were chosen to 
further investigate how local connectivity distributed within these regions and differed between them. The results shed 
light on the accumulative and region-specific characteristics of the brain and may help bridge imaging studies in humans 
and mouse models. 
Materials and methods 
Data acquisition  
Data were collected by (Grandjean et al., 2014a), who provided a detailed protocol in their paper. Briefly, female 
C57BL/6 mice were mechanically ventilated, paralysed with pancuronium bromide (0.5mg/kg bolus, 0.5 mg/kg/h 
continuous infusion), and either anaesthetized with propofol (30 mg/kg bolus, Propofol30), isoflurane (1% maintenance, 
Isoflurane1), urethane (1.5g/kg, Urethane1.5), medetomidine (0.1 mg/kg bolus, 0.2 mg/kg/h continuous infusion or 0.05 
mg/kg bolus, 0.1 mg/kg/h continuous infusion, Medetomidine0.1 or Medetomidine0.05, respectively) or a medetomidine 
(0.05mg/kg bolus, 0.1 mg/kg/h continuous infusion) and isoflurane (0.5%) combination (Mediso). Rs-fMRI was acquired 
on a small animal 9.4T MR system (Bruker BioSpin MRI, Ettlingen, Germany) equipped with a receiver only 2x2 phased 
array cryogenic coil. Gradient-echo echo-planar imaging (GE-EPI) data were acquired with repetition time /echo time /flip 
angle = 1000 ms/10 ms/90°, 360 repetitions, matrix dimension = 90 x 60, in-plane voxel dimension 263 x 233 µm
2
. The 
complete dataset is available on XNAT online repository (http://central.xnat.org, project ID: fMRI_ane_mouse). Animal 
numbers for each group were 6 in Propofol30, 11 in Isoflurane1, 13 in Urethane1.5, 13 in Medetomidine0.1, 6 in 
Medetomidine0.05, 8 in Mediso.  
Pre-processing 
    Images were preprocessed using FSL (FMRIB Software Library 5.0.2, http://fsl.fmrib.ox.ac.uk). The image size was 
multiplied by 10, and the first 10 volumes in each scan were removed to allow for the T1 relaxation effect, followed by 
motion correction (MCFLIRT), B0 field correction (FAST), and brain extraction (BET). The EPI images were co-registered 
to the AMBMC template (Australian Mouse Brain Mapping Consortium, http://www.imaging.org.au/AMBMC) (Janke et al., 
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2012) using ANTs (Advanced Normalization Tools 2.1.0, http://picsl.upenn.edu/software/ants/) using linear affine and 
non-linear greedy SyN transformation. Individual-level ICA was performed with MELODIC using automatic dimensionality 
estimation. Half the scans from each group were randomly assigned to the training dataset to estimate a study-specific 
FIX classifier encompassing each group (FMRIB's ICA-based Xnoiseifier v1.062 beta) (Salimi-Khorshidi et al., 2014, Zerbi 
et al., 2015). Components in the training datasets were manually labelled as ’noise’ if: i) they co-localized mostly with the 
boundaries of the brain and/or presented a highly repetitive temporal profile (motion artefact); ii) they co-localized with 
major blood vessels in the brain (vascular artefact) (Dorr et al., 2007); iii) they indicated an equipment/acquisition-related 
artefact such as single-slice components, spike-related components, and ripple components (alternation between positive 
and negative correlations in the wave form). The classifier was used to sort the individual-level components into ‘signal’, 
‘noise’, and ‘unknown’. The temporal profiles from ‘noise’ components were regressed from the EPI images. The 
accuracy of the classification was compared against manually sorted components. Signal-related components were 
labelled according to the following rules, based on (Grandjean et al., 2014a) and (Zerbi et al., 2015): i) bilateral 
topological organization, or ii) unilateral organization with existing matching contralateral component, iii) overlap with 
plausible grey matter regions, iv) predominantly low-frequency power spectra (0.01-0.3Hz), v) no seamless crossing of 
white matter and/or ventricle boundaries, vi) the components did not match the description of the three classes of noise 
(motion, vascular, or acquisition-related artefacts). Components overlapping mostly with tissues outside the brain were 
not included in the ‘noise’ component list. The majority of the components, between 39 and 91 on average in each group, 
could not be manually sorted in either of the categories (Table S1). Automatic noise classification with FIX was highly 
specific and no component manually labelled as ‘signal’ was classified as ‘noise’ by the FIX algorithm (Table S1). Motion 
and vascular artefacts were correctly sorted into the ‘noise’ category in 92-100% and 67-98% of the cases, respectively, 
while sorting of equipment/acquisition artefacts was less sensitive with 50-75% of the components automatically 
recognized as ‘noise’ (Table S1).       
Regional homogeneity (ReHo) analysis 
    ReHo is a local measure of the temporal similarity between a given voxel and its closest neighbours (Zang et al., 2004). 
It uses Kendall’s coefficient of concordance (KCC) to define the ReHo value for a central voxel: 
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where W (ranging from 0 to 1) is the KCC of the time series of given voxels, 
i
R  is the sum rank of the i th time point, R
is the mean of all 
i
R s, K  is the number of time series in the measured neighbourhood (  27K in this study), and n  is 
the number of ranks, or the length of the time series. No spatial smoothing was performed before ReHo calculation to 
reduce the introduction of artificial regional coherence influencing its reliability (Zuo et al., 2013). The KCC value was 
assigned to the given voxel. Individual ReHo maps were generated in a voxelwise way for all groups.  A higher ReHo 
value implies a greater similarity within neighbouring voxel time courses. Spatial smoothing was applied with a 1.5x voxel 
size full-width at half-maximum (FWHM) Gaussian kernel to improve signal-to-noise ratio (SNR) for further statistical 
analysis. Mean ReHo maps were calculated for each group. ReHo was performed using the Data Processing Assistant 
for Resting-State fMRI (DPARSF) toolbox (Chao-Gan and Yu-Feng, 2010). Voxelwise statistics were performed with non-
parametric F-Tests and two-sample unpaired t-tests (FSL Randomise), 500 permutations for the F-Tests to detect global 
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differences and 1000 permutations for t-tests to compare all groups with each other. Image overlays indicate colour-
coded t-values surviving threshold-free cluster enhancement correction (TFCE).  
ROI analysis 
Six ROIs were selected based on anatomical relevance, the cingulate cortex, primary somatosensory cortex (barrel 
field), insular cortex, caudate-putamen, and  hippocampus were based on the AMBMC atlas (Richards et al., 2011, 
Ullmann et al., 2013, Ullmann et al., 2014) and the thalamus was based on (Zerbi et al., 2015). Data extracted from left 
and right ROIs were combined for analysis (Figure 1). ReHo values were extracted using these ROIs for each animal in 
each group. One-way ANOVA (p<0.05) was performed to test the global difference, followed by an unpaired t test with 
false discovery rate (FDR) correction using a significance level of p<0.05. Statistics were performed using MATLAB 
R2015a (The MathWorks, Natick, Massachusetts, U.S.A). Descriptive statistics are given as mean±1 standard deviation 
(SD). To verify the similarity of distributions of regional connectivity strengths across anaesthetics between two 
hemispheres, caudate-putamen and primary somatosensory cortex (barrel field) were split into left and right parts. ReHo 
values were extracted from the four ROIs, respectively. 
Results 
Physiological parameters 
    Animals were under normal physiological conditions with the complete information of the physiological parameters 
recorded non-invasively. Oxygen saturation was maintained at 95% or above in all anaesthesia condition (Propofol30: 
97.1±1.1, Isoflurane1: 95.8±1.0, Urethane1.5: 95.6±0.4, Medetomidine0.1: 95.8±1.0, Medetomidine0.05: 97.0±0.2, 
Mediso: 96.7±0.5). Pulse distention was lowest for Urethane1.5 (10.1±0.5 µm), Isoflurane1 (12.8±0.3 µm), and 
Medetomidine0.05 (16.2±2.4 µm), while Medetomidine0.1 (21.6±7.1 µm) and Mediso (29.4±4.5 µm) presented 
intermediate values, and Propofol30 the highest (44.2±10.1 µm). Adapted from (Grandjean et al., 2014a).  
Voxelwise analysis of regional homogeneity  
The distribution of ReHo in the brain is presented using thresholded (Figure 1) and unthresholded (Figure S1) group-
mean maps. Thresholded maps showed the distributive characteristics of ReHo more clearly within each group. Most 
anaesthetic regimens were associated with high ReHo values in the cortical areas, e.g. the cingulate cortex, primary 
somatosensory cortex and insular cortex. Retained ReHo in the caudate-putamen was observed in the Medetomidine0.1, 
Medetomidine0.05, Mediso and Urethane1.5 groups. Urethane1.5 and Propofol30 were associated with higher ReHo in 
the thalamus and hippocampus compared to other groups. Mediso and Isoflurane1 also yielded high ReHo in some parts 
of the hippocampus. Unthresholded group-mean maps revealed similar information, with cortical areas and the caudate-
putamen being the most highlighted brain regions (Figure S1). 
The two-sample unpaired t-test was performed to search for between-group differences in a voxelwise way across the 
entire brain. Regions showing changed ReHo values were mainly located in the primary somatosensory cortex 
(particularlly the barrel field) and caudate-putamen. In cortical areas, Isoflurane1 and Mediso yielded statistically 
significantly higher ReHo than Medetomidine0.1 or Urethane1.5 (Figure 2 A, D, E and F). Propofol30 was associated with 
higher ReHo than Medetomidine0.1 in some sections of cortical areas (Figure 2 G). In the caudate-putamen, Isoflurane1 
yielded significantly lower ReHo compared to Medetomidine0.1, Medetomidine0.05 and Mediso (Figure 2 A, B and C). In 
the thalamus, Propofol30 was associated with higher ReHo than Medetomidine0.1 (Figure 2 G). Compared to 
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Urethane1.5, Isoflurane1 and Mediso yielded significantly lower ReHo in some areas in the caudate-putamen and 
hypothalamus, respectively (Figure 2 D and F). 
Two brain areas, i.e. striatum and somatosensory cortex, in the statistical maps yielded some unilateral significant 
results between anaesthetics. However, further investigations of the average strength of ReHo values in the left and right 
part of the two regions showed very similar distributions across hemispheres. This indicated that effects of anaesthetics 
were presented in both sides of the brain (FigureS2).  
ROI analysis 
Selected ROI analysis based on ReHo maps further revealed how the local connectivity is distributed in several brain 
regions under different agents (Figure 3). One-way ANOVA revealed that there were significant between-group 
differences in the cingulate cortex (F(5,51)=2.42, p=4.84×10
-2
), primary somatosensory cortex (barrel field)  (F(5,51)=7.04, 
p=4.52×10
-5
), caudate-putamen (F(5,51)=2.51, p=4.15×10
-2
) and thalamus (F(5,51)=2.43, p=4.77×10
-2
). No significant 
differences were detected in the insular cortex or hippocampus. The highest regional connectivity within cortical areas 
was observed in the Mediso group (cingulate cortex, ReHo=0.71±0.05; primary somatosensory cortex (barrel field), 
ReHo=0.70±0.04; insular, ReHo=0.63±0.04). Higher regional connectivity within the primary somatosensory cortex (barrel 
field) and insular cortex were also observed in the Isoflurane1 group (ReHo=0.69±0.06 and ReHo=0.58±0.08, 
respectively). In the cingulate cortex, Propofol30 and Medetomidine0.05 were associated with higher regional connectivity 
(ReHo=0.68±0.04 and ReHo=0.67±0.06). Post hoc tests revealed that Mediso yielded higher ReHo than 
Medetomidine0.1 in the cingulate cortex. In primary somatosensory cortex (barrel field), Mediso and Isoflurane1 showed 
significantly higher ReHo than Medetomidine0.1 or Urethane1.5.  
    Within the caudate-putamen, higher ReHo was observed for Mediso (ReHo=0.67±0.04), Medetomidine0.1 
(ReHo=0.66±0.04), Medetomidine0.05 (ReHo=0.66±0.02) and Urethane1.5 (ReHo=0.65±0.08). Propofol30 yielded the 
highest regional connectivity in both the hippocampus and thalamus (ReHo=0.52±0.03 and ReHo=0.62±0.05, 
respectively). Most other groups were associated with similar regional coherence in the hippocampus. Higher regional 
coherence within the thalamus was observed for Isoflurane1, Medetomidine0.05 and Urethane1.5 (ReHo=0.57±0.05, 
ReHo=0.58±0.09 and ReHo=0.60±0.05, respectively). Post hoc analysis further revealed that Propofol30 and Isoflurane1 
showed significantly reduced regional coherence in the caudate-putamen compared to Mediso or Medetomidine0.1. 
Propofol30 also showed significantly lower regional coherence than Medetomidine0.05 in this brain region. Post hoc 
analysis suggested significant between-group differences in the thalamus, although none survived FDR correction. To be 
consistent with ANOVA, the results before FDR correction in the thalamus are presented in Figure 3. Propofol30 showed 
higher regional connectivity than Isoflurane1, Medetomidine0.1 and Mediso, while Urethane1.5 showed higher ReHo than 
Medetomidine0.1.  
Discussion 
The goal of this study was to characterize regional connectivity under six different and commonly applied anaesthetic 
regimens using mouse rs-fMRI. The results show that the strength of regional connectivity varied across brain regions 
irrespective of the drugs applied, suggesting common non-uniform effects of the investigated anaesthetics on local brain 
activity. Specifically, higher ReHo was observed in cortical regions, the caudate-putamen and some parts of the thalamus. 
Two-sample unpaired t-tests revealed different local activity in the primary somatosensory barrel field cortex and caudate-
putamen between groups, indicating their drug-specific characteristics. Retained ReHo were observed under both relative 
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deep and light anaesthesia in the thalamus, suggesting reasons including global synchronization between extensive 
neural networks and the relatively more complex structure of this region. Higher ReHo within both cortical and most 
subcortical regions was observed under Mediso indicating retained local activity across the brain under this regimen. 
Results revealed by our analysis provided a detailed description of the brain measured at the level of small clusters of 
voxels. The resultant map of local synchronization may serve to complement research on general anaesthesia and shed 
light on the investigated drug effects on neural activity between molecular level and large-scale imaging studies (Richiardi 
et al., 2015). Different anaesthetics induce anaesthesia through different targeting receptors. Some anaesthetics 
selectively target on specific receptors, while some impact on multiple receptor systems to a similar degree. The 
expression density of specific receptors varied across the brain areas, hence likely influences local connectivity yielded in 
different brain regions. Furthermore, this study used ReHo as an approach to tentatively investigate the local neuronal 
activity at a voxelwise spatial resolution (univariate) with few user interactions to minimize bias induced by individual 
researchers, hence reducing variability in comparisons between studies. ReHo is an attractive method when describing 
the brain with emphasis on focal clusters of voxels and when there is a need to extract information using univariate 
analytical approaches. The application of multi-scale analysis on the human brain function show that local connectivity 
helps to draw more sound conclusions on disease states (Cocchi et al., 2012, Liu et al., 2014). The neighbour-to-
neighbour connections are important for us to understand brain organizations (Jiang and Zuo, 2015), hence its application 
on mice may fill the gap of local FC between ongoing human research and studies on mouse models of brain disorders. 
Local anaesthesia effects are central to our interpretation of the BOLD signal and our understanding of the underlying 
neuronal activity in the brain. The regionally suppressive effects of specific regimens on brain activity have been reported 
by other studies (Heinke and Koelsch, 2005) and led to the detection of brain areas postulated to be important to  
consciousness (White and Alkire, 2003). By using different techniques, such as electroencephalogram (EEG), it has long 
been known that anaesthetic agents do not exert uniform effects over the whole cortical regions (Bonhomme et al., 2012). 
Our observations are consistent with these findings, showing that varied local synchronizations across the whole brain 
appear to be a common characteristic in mice, irrespective of the anaesthetic agent being used. Specifically, the retention 
of local connections in cortical areas, particularly somatosensory areas, was observed under all regimens. This is in 
agreement with previous studies using ICA and/or SBA. Research on rodent rs-fMRI repeatedly observed motor and 
somatosensory RSNs under anaesthesia (Hutchison et al., 2010, Lu et al., 2012, Grandjean et al., 2014a, Mechling et al., 
2014, Nasrallah et al., 2014c, Sforazzini et al., 2014) comparable to those detected in awake rats (Liang et al., 2011, 
2012). Sensorimotor networks have been observed in monkeys and humans both under anaesthesia and at conscious 
rest (Peltier et al., 2005, Vincent et al., 2007, Martuzzi et al., 2010, van den Heuvel and Pol, 2010, Belcher et al., 2013). 
Together, these lines of evidence suggest that low-level somatosensory areas are likely to be less affected by 
anaesthetics at commonly used dosages. This may reflect elementary properties across species less influenced by 
anaesthetics.  
Under the common observation of non-uniform local connectivity across the brain, regions yielding high ReHo were not 
the same between groups, suggesting the possibly drug-specific responses in some areas. Anaesthetic drugs act on 
neural processing through interactions with different receptors, altering neurotransmission at multiple sites in the brain. 
Their specific effects at the molecular level may extend to their specific effects on the brain at the level of neuronal 
networks (Franks, 2008, Brown et al., 2010), which might be reflected by the findings of this study from the perspective of 
focal clusters at the macroscale. Two-sample unpaired t-tests showed that cortical areas and the caudate-putamen are 
two regions that respond specifically to certain anaesthetics. Although high ReHo were observed in cortical areas under 
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all regimens, significantly higher ReHo was also detected under Isoflurane1, Mediso and Propofol30 compared to 
Medetomidine0.1 and Urethane1.5. In contrast, three regimens containing medetomidine, i.e. Mediso, Medetomidine0.1 
and Medetomidine0.05, were associated with retained focal functional clusters in the left caudate-putamen compared to 
Isoflurane1. Although another study using halothane in mice reported the striatum as one RSN (Sforazzini et al., 2014), 
these between-group differences at the local level are more in line with the results of a previous large-scale SBA 
(Grandjean et al., 2014a). In mice, other studies applying medetomidine alone also reported retained FC in striatum 
(Mechling et al., 2014, Nasrallah et al., 2014c). Although there were some discrepancies between studies comparing FC 
in the striatum under isoflurane and medetomidine in rats, more evidence suggest that the bilateral FC within the striatum 
was less compromised under medetomidine (Hutchison et al., 2010, Williams et al., 2010, Kalthoff et al., 2013), which is 
in agreement with the findings using ReHo in mice. Combined with previous SBA analysis (Grandjean et al., 2014a), the 
consistency within cortical areas and the caudate-putamen across analytical scales suggests that characteristics of 
interhemispheric FC patterns are promoted by the characteristics of local functional clusters, which may be an extension 
of agent effects at the molecular level. 
An aforementioned study on mice examining FC changes as a function of anaesthetic depth using medetomidine 
reported preserved bilateral FC in the caudate-putamen compared to other areas at deeper levels of anaesthesia, arguing 
that the density of α2-adrenoceptors across the brain was driving this regionally specific FC under medetomidine 
(Nasrallah et al., 2014c). The receptor-modulated changes of BOLD signal were previously observed in rats and mice 
under medetomidine and correlated well with electrophysiological measurements (Nasrallah et al., 2014a, Nasrallah et al., 
2014b, Schroeter et al., 2016).  This may also explain our observation of retained functional clusters revealed by ReHo 
under the three regimens involving medetomidine. Medetomidine shows strong affinity to α2-adrenoceptors with high 
specificity and selectivity (Scheinin et al., 1989). The expression density of α2-adrenoceptors is high in the thalamus, low 
in the striatum and medium in cortical regions (Wang et al., 1996). Unlike medetomidine, isoflurane and propofol mainly 
target GABAergic neurotransmission (Trapani et al., 2000, Richards, 2002). The expression of GABA(A) receptors is 
higher in subcortical regions, such as the striatum, compared to cortical regions. This may cause the caudate-putamen to 
respond more sensitively to Isoflurane1, producing reduced local connectivity in this region (Muller and Nistico, 1989). 
Medetomidine has almost no effect and affinity for GABA receptors, which would further explain the retained local 
connectivity within the caudate-putamen in Medetomidine0.1, Medetomidine0.05 and Mediso groups (Virtanen et al., 
1988). Whereas many drugs target primarily one receptor system, Urethane1.5 is reported to be an agent that induce 
anaesthesia by exerting small changes on multiple receptor systems (Hara and Harris, 2002). ROI analysis showed both 
cortical and subcortical regions associated with medium ReHo under Urethane1.5 which may be partly explained by the 
pharmacological mechanism of this drug. One may notice that some significant results from the unpaired two-sample t 
tests were only observed in one hemisphere. This may due to the stringent statistical analysis (Eklund et al., 2016) to 
improve false positive rates applied in this study at some cost of false negative rates. In other words, these results do not 
necessarily indicate unilateral effects of anaesthetics on the brain. Mean ReHo values were therefore extracted from left 
and right caudate-putamen as well as somatosensory cortex. Very similar strength distribution of the mean regional 
connectivity across anaesthetics were observed in the two regions across hemispheres, indicating that similar effects of 
regimens were presented in both sides of the brain.  
Further investigations on several cortical and subcortical areas revealed in more detail how the local synchronization of 
focal clusters spread within each ROI. The cingulate cortex is involved in the default-mode network (DMN) of different 
species (Vincent et al., 2007, Buckner et al., 2008, Lu et al., 2012, Sforazzini et al., 2014) and is also reported to be a 
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functional hub in humans and rodents (van den Heuvel and Sporns, 2013, D'Souza et al., 2014, Liska et al., 2015, 
Rubinov et al., 2015). Previous studies repeatedly reported it as an independent RSN in anaesthetized rodents 
(Hutchison et al., 2010, Jonckers et al., 2011, Grandjean et al., 2014a, Mechling et al., 2014, Sforazzini et al., 2014, Zerbi 
et al., 2015) and awake mice (Jonckers et al., 2014), but not awake rats (Becerra et al., 2011, Liang et al., 2011). ROI 
analysis showed that Mediso was associated with significantly higher regional connectivity compared to Medetomidine0.1, 
indicating that the local clusters within the cingulate cortex may respond differently to the two regimens. Due to the 
proximity of the cingulate cortex and some large blood vessels in the mouse brain (Dorr et al., 2007), local connectivity 
drawn from BOLD signals in this region might also be partially influenced by blood vessel signals. Just mentioned reports 
using SBA and ICA on rodents, however, indicated that the RSN within cingulate cortex showed clear anatomical 
specificity. This evidence implies that the regional connectivity in the cingulate cortex might also reflect local neural 
activity more under the examined experimental conditions. Effects of the six anaesthetic agents on neurovascular 
coupling, metabolism and local neural activity are further addressed later. Mediso yielded the highest ReHo among all the 
examined cortical ROIs, whereas Medetomidine0.1 yielded the lowest.  One plausible explanation may be that Mediso 
combined low levels of isoflurane and medetomidine, reducing the impact on their specific target receptor systems. 
Mediso is therefore likely to exert less specific local suppression on the brain. Observations between Medetomidine0.1 
and Isoflurane1 as well as Mediso within the primary somatosensory barrel field cortex appear to support this. The 
somatosensory cortices play important roles in sensory information flow as well as movement planning and execution, 
while posterior areas include associative cortical functions (Matyas et al., 2010, Watson et al., 2011). Significantly 
reduced ReHo in the primary somatosensory barrel field cortex under Urethane1.5 in comparison to Isoflurane1 and 
Mediso led to consideration of the pharmacological mechanism mentioned above as one plausible explanation. The 
insular cortex is a functional hub in mice (Liska et al., 2015). Unlike the other two cortical ROIs, no between-group 
differences were detected in this region. The insular cortex was observed to be part of the limbic system in a previous 
SBA (Grandjean et al., 2014a) and drug specificity may be less significant in this cortical region. Alternatively, the 
detection of its responses to different drugs may be beyond the sensitivity of both analytical methods.  
In subcortical regions, the significant between-group differences obtained in the caudate-putamen based on ROI 
analysis were consistent with the results from voxelwise two-sample t tests in this study. No between-group differences 
were detected in the hippocampus at the local level, but in comparison to other areas, we observed slightly lower ReHo 
here for all regimens compared to other areas. The hippocampus is a small structure consisted of several smaller sub-
regions (CA1, CA2, CA3, DG) that are represented by a handful of voxels individually, hence one reason for the low 
regional connectivity observed here may be for that each sub-structure yielded its own activity patterns. The thalamus is a 
common suppression site of anaesthetics and plays an important role in the distribution of sensory information flow 
(Nallasamy and Tsao, 2011, Hudetz, 2012). The thalamus and hippocampus have been reported to be functional hubs in 
mice (Liska et al., 2015). Uncorrected post hoc tests revealed significantly increased ReHo in the thalamus under 
Propofol30 and Urethane1.5 compared to Mediso, Medetomidine0.1 and Isoflurane1, which cannot be explained by drug-
specific responses alone. Previous SBA showed no significant between-group differences in the thalamus, which also 
indicated that this region may display few agent-specific responses (Grandjean et al., 2014a). Medetomidine0.1 was 
associated with the lowest regional connectivity in the thalamus, which may be due to the high density of α2-
adrenoceptors in this structure. Given that the thalamus is a region comprises various nuclei which express multiple 
anaesthetic molecular targets non-uniformly (Arcelli et al., 1997, Watson et al., 2011, Uhrig et al., 2014), this may partly 
explain the mild ReHo observed under Isoflurane1 and Mediso in this region. However, Medetomidine0.05 yielded a less 
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suppressed ReHo in the thalamus, suggesting anaesthetic dosage effects on the regional connectivity. Lower level 
dosages may preserve more thalamic activity, which is supported by the fact that Propofol30 yielded the highest ReHo. 
Thus, the medium anaesthetic level under Isoflurane1 and Mediso may also be one contributor to the corresponding mild 
activity in the thalamus. Urethane1.5 induced deeper anaesthesia than observed in the other groups, but yielded high 
ReHo, a seemingly contradictory finding that may be partly explained by the fact that urethane exerts modest effects on 
multiple receptor systems. However, one study in mice using the similar level of urethane reported depressed thalamic 
activity, indicating that there may also be other reasons for the retained ReHo under Urethane1.5 (Huh and Cho, 2013). 
One possibility can be drawn from a previous SBA study that reported extensive FC under Urethane1.5, which the 
authors attributed to the global synchronization across the brain under deep anaesthesia (Grandjean et al., 2014a). If high 
levels of anaesthesia lead to widely synchronized neural activity and urethane does not specifically target a single 
receptor system, highly retained local synchronization revealed by ReHo within the thalamus may be a plausible outcome. 
This explanation may be further supported by studies on brain activations of rats under varied anaesthetic levels using rs-
fMRI and EEG under isoflurane or propofol (Liu et al., 2013a, Liu et al., 2013b). Synchronized EEG signals were 
observed in rats under deeper anaesthetic dosages, which were associated with less specific large-scale FC patterns 
under deeper anaesthesia. Together with our observations, synchronization of neuronal activity under deep anaesthesia 
may hold higher weights on the strengthened local to long-range functional connectivity, compared to specific 
mechanisms of anaesthetics. Understanding different agent effects on these ROIs at a local level may help to refine our 
mapping of brain function in mice, provide explorative information to facilitate the selection of anaesthetics according to 
brain ROIs and might enable the translation of discoveries in mouse models to humans across analytical scales. A 
summary of the observed regional connectivity, known mechanisms of the investigated anaesthetic regimens, and the 
expression density of some important target receptors is provided in Table S2.  
BOLD rs-fMRI is an indirect measure of neural activity and based on neurovascular coupling (Ogawa et al., 1990, 
D'Esposito et al., 2003). Anaesthetic regimens are known to impact on physiological parameters and neurovascular 
coupling mechanisms, hence influence BOLD fluctuations and confound the interpretations of fMRI experimental results 
(Tremoleda et al., 2012, Pan et al., 2015). Tight physiological control and monitoring have been applied in the experiment 
to minimize physiological confounds. In addition, cerebral blood volume (CBV) was measured during the experiment. 
Based on the observed long-range FC, CBV, action mode of anaesthetics and distribution density of specific receptors, 
Grandjean et al. concluded that contributions of CBV was minor to the rs-fMRI results (Grandjean et al., 2014a). The 
marginal effects of cerebrovascular parameters on BOLD signals are in agreement with other rodent studies using 
different agents and/or electrophysiological techniques, confirming that BOLD fMRI signals reflect neuronal activity rather 
than vascular (Nasrallah et al., 2014a, Nasrallah et al., 2014b, Schroeter et al., 2016). These reports suggest that 
contributions of vascular to regional connectivity should also remain minor compared to the modulation of receptor 
systems under the anaesthetic regimens investigated.    
There are, however, several limitations to the current study. First, the small sample sizes of the Medetomidine0.05 and 
Propofol30 groups may have introduced more confounds and individual variability into the results. Second, there is no 
awake baseline using mouse rs-fMRI technique in this study. However, as far as we are aware, the awake mouse 
imaging is reported to be difficult (Jonckers et al., 2014).  In addition, we used carefully monitored, ventilated and 
paralyzed animals to minimize physiological and motion confounds. BOLD fMRI signals from awake animals would 
especially have severe noise from movements, which would introduce auto-correlations between voxels and artificially 
increase local connectivity. Repeated MR-restraint training for awake rat studies is reported to be a stressful procedure 
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and cause long-lasting changes in physiology, behavioral responses and brain responses to pain stimuli detected by fMRI, 
hence may introduce confounds into the functional pattern of BOLD signals (Low et al., 2016b). Third, different 
anaesthesia regimens may also lead to different sources of physiological noise, or noise with different properties, 
rendering automatic noise classification difficult with FIX. New pipelines based on multi-echo sequences may offer 
unbiased methods to discriminate BOLD from non-BOLD signal based on physical properties of the signal, irrespective of 
the animal physiological state, leading to improved and more robust results (Kundu et al., 2012). Fourth, there are few 
agents with special peculiarities on the brain activity compared with most anaesthetics used in human and animals 
reported so far, such as ketamine, an agent observed to generate increased brain metabolism compared with the 
decreased metabolism under most other agents (Alkire and Miller, 2005, Heinke and Koelsch, 2005, Bonhomme et al., 
2012). Hence, observations in this report may not be generalized to all anaesthetics. More experimental evidence may be 
required to deepen the understanding of regional connections measured by ReHo under general anaesthesia. 
Furthermore, many previously reported electrophysiological studies examining the correlation between 
electrophysiological and BOLD signals acquired EEG or somatosensory evoked potentials in somatosensory areas, but 
not other cortical or subcortical regions (Liu et al., 2013b, Nasrallah et al., 2014a, Nasrallah et al., 2014b). In the future, 
direct electrophysiological measurements from multiple regions may provide more information to validate correlations 
between them and regional connections drawn from BOLD rs-fMRI signals. Finally, unlike FC-based readouts that 
revealed large-scale brain activation confined within several functional systems, ReHo analysis generated high regional 
connectivity across the whole brain under all the regimens investigated. This suggests that anatomical information may be 
reduced by using this method in mice. However, ReHo might provide a tentative way to capture small clusters of highly 
synchronized voxels and provide preliminary and complementary information on local neural activity that may not be 
revealed by large-scale analysis. 
      In summary, this study used local connections to detect regional FC on the basis of spontaneous activity under six 
different anaesthetic regimens using mouse rs-fMRI. The results showed consistency with several results from the 
previous FC analysis. Different agents produce anaesthesia by acting on different molecular targets, leading to agent-
specific regional connectivity patterns. Results from regional connectivity showed that high ReHo could be observed in 
both cortical and subcortical areas under Mediso compared to other regimens indicating that it is the preferable regimen 
for local connectivity analysis using mouse rs-fMRI. This study provides the first initial evidence for using ReHo to probe 
brain FC in mice under six commonly applied anaesthetics. Given the wide use of ReHo in human studies on the one 
hand, and the application of transgenic mouse models of human brain diseases on the other hand, our results from this 
study may serve as a preliminary reference to future studies linking clinical applications to pre-clinical animal research 
using rs-fMRI.  
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Figure legends 
Figure 1 Thresholded group-mean maps showing the distribution of ReHo values for Isoflurane1 (A), Medetomidine0.1 (B), 
Medetomidine0.05 (C), Mediso (D), Propofol30 (E), and Urethane1.5 (F) groups. Marked ReHo was found in the cortex, 
predominantly in the Isoflurane1, Medetomidine0.05, Mediso, and Propofol30 groups, encompassing the whole sensory-
motor cortex, and cingulate cortex, and in the case of Isoflurane1, Mediso, and Propofol30, including the cortical sub-plate, 
such as the amygdala. Striatal ReHo was mostly found to overlap with the caudate-putamen, principally in 
Medetomidine0.1, Medetomidine0.05, Mediso, and Urethane1.5 groups. ReHo was found to be weak in the hippocampus 
in all groups, whereas thalamic ReHo was highlighted in the Propofol30 and Urethane1.5 groups specifically. The sagittal 
image indicates the position of the coronal slices with values representing the position relative to Bregma in mm. ReHo 
values are colour coded from 0.6 to 0.8 as shown in the colour bar. An atlas with five ROIs based on the AMBMC atlas 
and thalamus from the functional organization of the mouse brain were overlaid on the AMBMC anatomical template. 
ROIs are: cingulate cortex (Cgu), primary sensory cortex of the barrel field cortex (S1BF), insular cortex (Ins), caudate-
putamen (Cpu), hippocampus (Hipp), and thalamus (Thal). Animal numbers for each group were 11 in Isoflurane1, 6 in 
Medetomidine0.05, 13 in Medetomidine0.1, 8 in Mediso, 6 in Propofol30, 13 in Urethane1.5. 
 
Figure 2 Voxelwise statistical analysis. Statistically significant increase in ReHo in the somatosensory cortex was found 
between Isoflurane1 (A), Mediso (E), and to a lesser extent Propofol30 (G) with respect to the Medetomidine0.1 group. 
Similarly, cortical ReHo was significantly increased in the Isoflurane1 (D) and Mediso (F) groups compared to 
Urethane1.5. The Isoflurane1 group presented consistently decreased ReHo in the striatum upon comparison with 
Medetomidine0.1 (A), Medetomidine0.05 (B), Mediso (C), and Urethane1.5 (D) groups. Finally, portions of the 
hypothalamus were found to have decreased ReHo in the Mediso group when compared to Urethane1.5 (F), while 
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portions of the thalamus presented higher ReHo in the Propofol30 group compared to Medetomidine0.1. (H) Voxelwise F-
tests revealed the presence of global between-group differences summarizing results from unpaired t tests as described 
above. Image overlays from (A) to (G) indicate colour coded t-values surviving TFCE correction (p<0.05, corrected). 
Image overlays of (H) indicate colour coded f-values surviving TFCE correction (p<0.05, corrected). The sagittal image 
indicates the position of the coronal slices with values representing the position relative to Bregma in mm. Animal 
numbers for each group were 11 in Isoflurane1, 6 in Medetomidine0.05, 13 in Medetomidine0.1, 8 in Mediso, 6 in 
Propofol30, 13 in Urethane1.5. 
Figure 3 Analysis for 6 selected ROIs. Average ReHo values were extracted for each ROI. One-way ANOVA reported 
statistically significant differences between groups in the cingulate cortex (F(5,51)=2.42, p=4.84×10
-2
), barrel field sensory 
cortex (F(5,51)=7.04, p=4.52×10
-5
), caudate-putamen (F(5,51)=2.51, p=4.15×10
-2
) and thalamus (F(5,51)=2.43, p=4.77×10
-2
). 
Differences between pairs of groups were explored in a post-hoc analysis using unpaired two-sample t tests. In the barrel 
field cortex, both the Isoflurane1 and Mediso groups presented higher ReHo compared to Medetomidine0.1 and 
Urethane1.5. This was also the case between the Mediso and Medetomidine0.1 groups in the cingulate cortex. In the 
caudate-putamen, medetomidine-based groups (Medetomidine0.05, Medetomidine0.1, Mediso) presented significantly 
increased ReHo compared to both the Isoflurane1 and Propofol30 groups. Between-group differences in the thalamus 
were revealed by the post-hoc tests, but did not survive FDR correction, and are therefore shown as uncorrected p values.  
Labels are: *, p<0.05; **, p<0.01, FDR corrected, •, p<0.05, uncorrected; ••, p<0.01, uncorrected. Bar plots and error bars 
indicate the mean ReHo across animals ± 1 SD. The group labels on the bottom of each bar plot are: Isoflurane1 (Iso1), 
Medetomidine0.05 (Med0.05), Medetomidine0.1 (Med0.1), Mediso (Mediso), Propofol30 (Pro30), Urethane1.5 (Ure1.5). 
Animal numbers for each group were 11 in Isoflurane1, 6 in Medetomidine0.05, 13 in Medetomidine0.1, 8 in Mediso, 6 in 
Propofol30, 13 in Urethane1.5. 
 
Figure S1 Unthresholded Group-mean maps overlaid onto five representative coronal slices showing the distribution of 
ReHo values in each group. (A) Isoflurane1. (B) Medetomidine0.1. (C) Medetomidine0.05. (D) Mediso. (E) Propofol30. (F) 
Urethane1.5. ReHo values are colour coded from 0 to 1 as shown in the colour bar. Sagittal image on the bottom 
indicates the position of the coronal slices indicated by blue lines with values representing the position relative to Bregma 
in mm. Animal numbers for each group were 11 in Isoflurane1, 6 in Medetomidine0.05, 13 in Medetomidine0.1, 8 in 
Mediso, 6 in Propofol30, 13 in Urethane1.5. 
 
Figure S2  Average ReHo values were extracted from left and right caudate-putamen and barrel field sensory cortex. Bar 
plots and error bars indicate the mean ReHo across animals ± 1 standard deviation (SD). The distributions of the strength 
of the local connectivity across regimens in the left caudate-putamen are very similar to the strength distributions in the 
right caudate-putamen. This bilateral distribution of local connectivity strength is also observed in the barrel field sensory 
cortex. These results suggest that the same anaesthetic effects are presented in both hemispheres. The group labels on 
the bottom of each bar plot are: Isoflurane1 (Iso1), Medetomidine0.05 (Med0.05), Medetomidine0.1 (Med0.1), Mediso 
(Mediso), Propofol30 (Pro30), Urethane1.5 (Ure1.5). L: left. R: right. Animal numbers for each group were 11 in 
Isoflurane1, 6 in Medetomidine0.05, 13 in Medetomidine0.1, 8 in Mediso, 6 in Propofol30, 13 in Urethane1.5. 
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